The physical map 
The physical map Poxviruses are large DNA-containing viruses whose genomes encode sufficient information for 100 to 200 proteins. In an effort to elucidate the functional organization of the poxvirus genome, several laboratories have undertaken a genetic analysis of poxvirus replication, using temperature-sensitive (ts) mutants of vaccinia virus (6, 8, 12, (14) (15) (16) and the closely related rabbitpox virus (18, 22, 24) . Central to the understanding of the organization of the poxvirus genome is the establishment of genetic and phycisal maps of the ts loci represented by these mutants.
Extensive genetic linkage maps have been reported for two of the mutant collections: Drillien et al. (14) have obtained a linkage map of the mutations representing 14 complementation groups that spanned 66 recombination units, whereas we have obtained a map of 22 mutations in 11 groups that spanned 81 recombination units (16) . In addition, Chernos et al. (6) have mapped seven mutations in a linear array, and Lake et al. (19) have established genetic linkage among five mutations that result in similar defects in a late stage of virion morphogenesis. However, the above workers have noted all or some of the following difficulties in using genetic recombination to map ts mutations of poxviruses: (i) recombination frequencies can vary considerably from experiment to experiment for a given pair of markers; (ii) some markers appear to be unlinked to the genetic map, presumably because they are located in regions of the genome for which few markers are available; (iii) often one cannot order closely linked markers with respect to the loci on either side; and (iv) although over short distances recombination frequencies appear to be linearly additive, over longer distances the measured distance between two markers is less than the sum of the distances between adjacent markers, as would be expected from the occurrence of double crossovers. In addition, although genetic recombination can be used to determine the linear order of a series of mutations and the relative distances between them, it cannot be used to deduce physical distances between markers or to determine whether the available mutants represent all portions of the genome, particularly the ends.
The Virus. The isolation of ts mutants of vaccinia virus WR, the preparation of virus stocks, and virus titration by plaque assay have been described in detail (16 Recombination. Recombination experiments that use two-factor crosses and the calculation of recombination frequencies have been described before (16) . The previously determined recombination map is shown in Fig. 1 To demonstrate that the plaques appearing on the transfected plates contained wild-type virus, marker rescue was performed under an agar overlay (16) , and 16 well-isolated plaques were picked and assayed by the plaque assay at 33 and 39.5°C. Eight of these plaques had relative efficiencies of plaquing at 39.5/33°C within the range of wild-type plaques (0.8 to 1.1), whereas the remaining plaques presumably contained variable amounts of mutant virus ( Table 2) .
Some of the mutants in our collection were unsuitable for marker rescue by the direct plaque assay technique because they either formed small plaques at the nonpermissive temperature or exhibited a high degree of cytotoxicity at the multiplicities required for efficient rescue. Therefore, the ts lesions of these mutants were mapped in yield experiments in which the final yield of virus from the transfected cells was titrated at the permissive and nonpermissive temperatures (see Materials and Methods). An input multiplicity of 0.01 PFU per cell was again chosen so that the proportion of wild-type recombinants formed in the initially infected cells would be amplified during subsequent rounds of VOL. 48, 1983 Table 3 . Although the backgrounds due to leakiness or reversion or both varied considerably, the relative efficiencies of plating at 39.5/330C obtained when a specific HindlIl fragment was used ranged from 90-fold (tsl3) to 1,100-fold (ts24) greater than when either salmon sperm DNA or a nonspecific fragment was used. In (Fig. 1) were used. ts4 and ts4O, previously assigned to the same complementation-recombination group (16), were rescued by cloned HindIII-I; ts6 was rescued by HindIII-F and tsl4 was rescued by HindIII-G (Table 4) . ts17 and ts69, both of which had been rescued previously by the isolated BglI-A fragment, were rescued by HindIII-D (Table 4) . We then determined the physical locations of mutations that mapped near these six mutations on the genetic map (Fig. 1) . Thus, ts3, a mutant in the same complementationrecombination group as ts6, also was rescued by HindIII-F (Table 3) . ts9 (Table 4 ) and ts24 (Table  3) , both of which were closely linked to ts3 and ts6, were rescued by HindIII-F and HindIII-E, respectively. Similarly, ts2l, whose mutation mapped to the left of the tsl7 mutation on the genetic map, was rescued by HindIII-H (Table  4) , the first fragment to the left of HindIII-D on the physical map. ts8 and tsl3, whose mutations mapped between those of tsl4 and ts2l on the genetic map, were rescued by HindIII-J (Table  3) . Not unexpectedly, tsl6 ( Additional marker rescue data for some of our more recent isolates are given in Tables 3 and 4;  Table 5 Tables 3 and 4 . The molecular-weight values for vaccinia virus HindIII fragments were taken from Belle Isle et al. (2) . HindIll fragments B and C were not used in this study. The mutant numbers separated by commas have been assigned to the same complementation-recombination group; those separated by semicolons are in different groups. This table is a compilation of data from Tables 6, 7 , and 8, reference 16 , and unpublished data. b ts72 is in the same complemention-recombination group as ts8 and tsl3. Therefore, although two groups have been attributed to both Hindlll fragments H and J, the sum of the number of groups on these two fragments is three.
VOL. 48, 1983 on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from mutations that mapped to HindlIl fragments H, J, and L represented five complementation-recombination groups. Two members of one complementation-recombination group (ts8 and tsl3) that were rescued by HindIII-J failed to complement with ts72, whose ts lesion has been mapped to the adjacent HindIII-H fragment.
A summary of the complementation-recombination groups that have been identified so far is presented in Table 5 Recombination. We have previously determined a linkage map of the ts loci of 22 mutants representing 11 complementation-recombination groups. As information concerning the physical locations of additional mutations became available, we asked whether they were genetically linked to the established linkage groups that spanned the same region of the physical map. The recombination data for one region of the genome spanning HindlIl fragments I through H are shown in Fig. 2 . The mutations representing four previously unmapped complementation-recombination groups (ts4 and ts4O, ts38 and tsSl, ts56, and ts44) were linked to the established genetic map in the order predicted by their physical locations. As we had observed previously, although there was generally good additivity of recombination frequencies over relatively short genetic distances, over longer distances the sum of the distances between adjacent markers was often greater than the measured distance between the two extreme markers. Thus, as more ts loci were added to a given interval on the genetic map, the measured Although the direct plaque assay technique is relatively simple and can be used to map a large number of mutations in a short time, the twostep procedure can be used with mutants that are too leaky or too cytotoxic to be mapped by the direct plaque assay technique. In addition, the two-step procedure may be more sensitive because: (i) viral replication is allowed to proceed at the permissive temperature for 6 h before a shift to the nonpermissive temperature; and (ii) wild-type recombinants are enriched in the final yield of virus through multiple rounds of replication. Although the mechanism of rescue is unknown, it is clear from the progeny tests of plaques obtained after rescue of ts4 ( Table 2 ) that two processes are probably occurring: (i) recombination between the wild-type fragment and mutant DNA and (ii) complementation of ts virus by either wild-type recombinants or direct transcription of the wild-type fragment.
The use of cloned DNA fragments circumvents the difficulty of isolating large amounts of pure restriction endonuclease fragments free of contaminating sequences. Furthermore, in our initial marker rescue experiments that used isolated BglI fragments of wild-type DNA, efficient rescue was achieved only if the wild-type fragment was coprecipitated onto the infected cells with DNA isolated from the mutant being rescued (unpublished data). A similar finding was reported by Sam and Dumbell (23) . With cloned DNA fragments, however, it was possible to use at least a 50-fold-higher molar concentration of each fragment relative to when isolated fragments were used. Under these conditions coprecipitation with mutant DNA was unnecessary for efficient rescue. It is possible that coprecipitation increased the chances of a recombinational event when low amounts of the wild-type fragments were used.
Eight additional mutants in our collection were not rescued by any of the 13 cloned HindIII fragments. Their mutations could be located either on HindIll fragments B and C that were not used in this study or too close to a restriction site for efficient rescue to occur. It is also possible that some of these mutants could contain more than one ts lesion and would be rescued only by a mixture of fragments. Indeed, several of these mutants were suspected by the spot complementation test The physical mapping of ts mutations presented in this paper and the earlier report of the genetic linkage map of these mutations has allowed for the first time a comparison of the genetic and physical maps of vaccinia virus (Fig.  3) . Within the resolution provided by the relatively large HindIlI fragments used in this study, the following conclusions can be drawn. (i) Recombination frequencies generally reflect physical distances accurately. (ii) The order of mutations shown on the original genetic map is correct with the exception of the loci represented by ts24 and ts7, which were reversed relative to the ts6 mutation. However, as more crosses were performed with these mutants, the cumulative genetic data agreed with the physical map (Fig. 3) terminal mutations are located and the latter because we have observed that, as more markers are added to the genetic map, the total length of the map increases. It should be stressed that these calculations are actually based on the frequency of recombinants rather than the frequency of recombinational events. Therefore, they do not reveal anything about molecular mechanisms of recombination in the vaccinia virus system. The number obtained is of practical value, however, in predicting either recombination frequencies or physical distances when one of these two values is known.
As demonstrated in this paper, marker rescue of additional mutations will facilitate their characterization by the standard genetic techniques of complementation and recombination. In addition, fine-structure mapping, using smaller DNA fragments or overlapping fragments, will eventually allow the assignment of specific mutations to mRNA transcripts and polypeptides through comparison of their physical locations with transcriptional and polypeptide maps that are being generated in other laboratories (1, 2, 5, 7, (9) (10) (11) (26) (27) (28) .
